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Takeoff trajectory computations aremade for a typical lift� cruise small transport aircraft suitable for anurban

air taxi. The selected wing–body model consists of lifting and pushing propellers. Flow is modeled using the Navier–

Stokes equations. A procedure is developed to embed the trajectory motion equations in an overset grid topology

along with rotating blades. Results are validated with lifting line theory computations. A typical takeoff scenario is

demonstrated by time-accurately integrating trajectory equations with the flow equations. The present work extends

the capabilities of the current Navier–Stokes solvers to simulate trajectory motions of urban air taxi configurations.

Nomenclature

a = acceleration, feet∕s2
g = acceleration due to gravity, feet∕s2
h = altitude, feet
M∝ = freestream Mach number
m = mass, slugs
q = dynamic pressure; 0.5ρV2, psi
S = surface area, feet2

V = freestream velocity, feet∕s
W = weight, lbs.
x, y = vertical and horizontal distances traveled, feet
_x, _y = vertical and horizontal velocities, feet∕s
�x, �y = vertical and horizontal acceleration, feet∕s2
α = angle of attack, deg
ρ = air density, slugs∕feet3

I. Introduction

I NNOVATIVE approaches are currently being sought for urban air
taxi transportation, because flying in the open sky is potentially

much faster than driving on the road. A small aircraft with electric
propulsion has been identified as a commuting solution. The use of
air taxis could reduce the ground traffic congestions in big cities, and
the use of electric propulsion for air taxis can reduce the ever-growing
demand for gasoline and the resulting pollution. NASA, with other
partners, is working on a project known as Urban Air Mobility
(UAM) [1]. The goal of the UAM’s Grand Challenge is to provide
a basis where NASA, vehicle providers, airspace technology provid-
ers, and the public can learn what achieving urban air mobility really
requires. UAMdemonstration of several traffic management systems
for drones took place in Reno, Nevada, in 2019 [1].
Aircraft that takeoff and land vertically are already in use. The

military designed vertical takeoff and land aircraft for use in locations
where runways are not available [2]. For many of these vehicles, jets
were used for maneuvering. A similar concept is extended for air
taxis, but using electric propellers, as they are more suitable than jets
for small aircraft. An electric air taxi includes lifting propellers near
thewing and a pushing propeller near the rear end of the body, such as
the Kitty Hawk Cora prototype, which flew for the first time in
November 2017 [3]. Large companies like Boeing are teaming up
together for the production of air taxis [4], and innovative configu-
rations are rapidly evolving [5].

The presence of multiple electric propellers near thewing–body of
air taxis leads to complex flows. This means that accurate modeling
of aerodynamic forces for understanding maneuver dynamics is
crucial in the design process. To date, only linear aerodynamics are
extensively used to simulate maneuver aerodynamics; however, in
order to account for flow complexities—such as propeller–wing
interactions, flow separations, and vortices—higher-order computa-
tional tools based on the Navier–Stokes (NS) equations are needed.
Currently NS-based simulations are only addressed usually for non-
maneuvering cases [6].
In this effort, a procedure to couple trajectory equations with the

Reynolds-averaged Navier–Stokes (RANS) [7] equations for a take-
off scenario is presented. The procedure involves accurately model-
ing rigid bodymovements of a propeller, including blade revolutions,
and trajectory motions. Flow is modeled with RANS equations using
overset grids. The results are demonstrated for a typical aircraft with
lifting and pushing propellers.

II. Typical Lift Cruise Air Taxi

A two-seater lift+cruise air taxi (LCAT) configuration with high
lift wings, shown in Fig. 1, is generated for thiswork. It has the typical
wing–body of a small aircraft with lifting and pushing propellers.
Eight lifting propellers are aligned in front leading and backoff
trailing edges on the wing. Each propeller has two blades and is
placed on a pod. The pushing propeller is located near the end of the
fuselage and it has three blades. Thewing configuration was selected
from NASA high-lift aircraft [8], and the propeller blade configura-
tions were selected from a NACA report [9]. The blades of the lifting
propeller (LPB) and pushing propellers (PPB) have aspect ratios of
5.2 and 7.2, respectively.
In this work, the RANS flow solver OVERFLOW [10] with a

Spalart–Allmaras turbulence model [11] is used. OVERFLOW has
the capability to model rotating rigid and flexible blades with rigid
body motions. The overset grid needed for the solution contains a
body-fitted near-body (NB) grid for each component and an outer-
body background (BG) grid system that communicates data among
NB grids. The BG grid can be either generated in OVERFLOW or
provided by the user [12]. OVERFLOWgenerates multiple BG grids
depending on a configuration suitable only for rigid bodymotions. In
this effort, a single BG grid to accommodate all NB grids is generated
separately [12] to facilitate modeling maneuvering motions.
Geometry data for both the wing–body and propeller are taken

from public domain data [8,9]. The grid for this configuration is
generated using the overset grid tool OVERGRID [13] and satisfying
engineering grid qualities [14].
Figure 2 shows details of NB and BG grids. The wing–body

contains 9 NB grids with a total of 6 million grid points. Each
propeller blade and pod is modeled using 360,000 and 400,000 grid
points. A single BG grid has 13 million points. The total size of the
grid is 19.7 million points, which is found to be adequate to model
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flows at subsonic speeds. Typical resolution near surface is 10−4 of
reference length such as chord of wings and blades.

III. Trajectory Equations

In this effort, it is assumed that all components undergo rigid body
motions with or without rotations. The configuration is modeled to
undergo vertical (y) and forward (x) motions and rotation about the
center of mass.
T, L, D, and G are thrust of pushing propeller, lift from lifting

propellers and wing–body, drag of full configuration, and gravita-
tional forces in lbs.Angle of attack in degrees is represented byα. The
equations of motions can be written as

m �x � T cos�∝� � L sin�∝� −D cos�∝� (1a)

m �y � T sin�∝� � L cos�∝� −D sin�∝� −G (1b)

where G � mg (m is mass in slugs, and g is acceleration due to

gravity in feet∕s2. L and D can be expressed as 1∕2ρV2SCl and

1∕2ρV2SCd, where S is surface area, ρ is air density in slugs∕ft3, and
V is velocity in feet∕s. Cl and Cd are lift and drag force coefficients.
Assuming a small angle of attack and defining the following:

cos�∝� � _x��������������������
_x2� _y2

p � _x

V
; sin�∝� � _y��������������������

_x2� _y2
p � _y

V

Equations (1) can be written as
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where p � ρVS∕2m.
Equation (2) is solved time accurately by using theNewmark Time

Integration Scheme [15].
The aerodynamic quantitiesCl,Cd, andT are computed by solving

RANS equations with the OVERFLOW code and are used to solve
Eq. (2) at every step. The rigid bodymotions fromEq. (2) are fed back

to OVERFLOW codes using interface data files, as reported

in Ref. [16].

IV. Validations with the Lifting Line Theory

Given the fast-evolving new configurations and proprietary

restrictions, data for validation seldom exist for air taxis. This paper

relies on the use of the well-validated code OVERFLOW [17],

accepted engineering practices for grids [14], and validation with

lifting line theory (LLT) based on the linear aerodynamics. Because

the flows over rotating propeller blades play significant role in the

trajectory motion, its aerodynamic responses are validated with LLT

based on simplified linear aerodynamics assumptions [18].

Computations are made for isolated lifting and pushing propeller

blades. The lifting propeller is forced to rotate at 4800 revolutions per

minute (RPM), a speed required so that the LCAT reaches an altitude

of 1500 feet with 15 feet∕s final velocity assuming a total weight of

600 lbs. Figure 3 shows the responses of force coefficients that have

reached a periodic state.

Figure 4 shows comparison of sectional force coefficient Cn

between NS and LLT results. Both compare well in trend. The LLT

results appear to overpredict forces, as compared with the NS results.

Similar comparisons are obtained for pushing blade rotating at

2800 RPM. A periodic response is obtained within 6 cycles, with a

0.25 deg rotation per step.

Figure 5 shows the Mach number and coefficient of pressure Cp

distribution of the upper surface of the pushing propeller. The tip

Mach number is 0.414, corresponding to 2800 RPM.Fig. 2 Details of near-body and background grids.

Fig. 3 Responses of total aerodynamic forces on lifting propeller blade.

Fig. 1 A typical two-seater lift� cruise air taxi.

Fig. 4 Comparisonof sectional lift forces along span for lifting propeller

blade.
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V. Trajectory Responses

Computations are made for the LCAT to simulate a takeoff

trajectory. It is assumed that the wing chord length and total

span are 2.5 and 32 feet, respectively, with a total weight of 600

lbs. The LCATwill reach an altitude of h feet, with vertical velocity

of v feet∕s, before forward motion takes place. The thrust needed

by lifting propellers is given by T � m�a� g�, where acceleration
a � v2∕�2h�, assuming an initial velocity of zero. Based on thrust

computed on isolated blades, the lifting propeller blade needs to

rotate at 4800 RPM so that the LCAT reaches an altitude of 1500 feet

with 15 feet∕s final vertical velocity.
The first computations are made at forward velocity M∝ � 0.20,

with nonrotating blades to check the convergence. Total lift and drag

forces converged by 4 orders of magnitude with 4000 iterations.

Fluctuations in drag force were more than those of lift force.

Computations aremade for six cycles of LPB rotation, whereas the

PPB is stationary with zero freestream Mach number. With the

obtained initial conditions, integration of Eq. (2) is started. When

an altitude of 1500 feet is reached, the RPM of LPB started reducing,
and the rotation of PPB is started. The RPM of PPB is determined,
assuming that the LCAT reaches a maximum freestream forward
velocity of 200 feet∕s in 1500 feet. Based on the thrust computed on
the isolated PPB, and the drag of the LCAT configuration computed
at M∝ � 0.20, an RPM of 2800 is needed for the PPB. A plot
of trajectory paths is shown in Fig. 6 for both vertical and forward
motions.
A snap shot surface Cp and field Mach number contours are

shown in Figs. 7 and 8 at the 5th second (in vertical motion) and
18th second (during forward motion). Because of low vertical accel-
eration, the Cp values are low for the wing–body configuration
in Fig. 7.

VI. Conclusions

A procedure to embed the trajectory equations of an LCAT in an
overset-based RANS software primarily designed for rigid configu-
rations is presented. Unsteady aerodynamic results from the present
development comparewell with lifting line theory results for isolated
lifting and pushing propeller blades. This effort will provide a guide-
line for advanced stability computations using computational fluid
dynamics for design of air taxis. Future work will involve extending
the present time-accurate approach to simulate aeroelasticity of
configurations with multiple propellers.
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